Remote plasma-activated chemical-vapor deposition (RPACVD) provides a means to deposit thin dielectric films with low ion bombardment and while having high selectivity in generating precursors. In RPACVD of SiO,, gas mixtures of He/O2 or He/N20 are passed through a plasma, producing radicals and excited states that are mixed with silane downstream. Excited states produced in the plasma and precursor species produced by these reactions then flow to the substrate. Although high-quality SiOs films can be produced by RPACVD, the gas-phase deposition precursors have not been identified. A two-dimensional plasma chemistry model is described, and results from that model are used in a discussion of possible gas-phase precursors for SiOs deposition. In particular, the formation and transport of silanols (SiHsO and SiHsO) are examined as a function of gas mixture, power deposition, and geometry. It is found that the fluxes of SiHZO, SiHsO, and SiHs are sufficient to account for the observed deposition rates; whiie systematic dependencies of the fluxes of HSiO and SiO discount them as being deposition precursors. He/N,O/SiH+ mixtures differ from He/O,/SiHh mixtures by providing larger fluxes of SiHs to the substrate, while the fluxes of SiH*O, SiHsO, and O,('A) are significantly less.
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I. INTRODUCTlON
The low thermal budgets now encountered in microelectronics fabrication have motivated the development of plasma-enhanced chemical-vapor-deposition (PECVD) processes for laying down thin films of silicon dioxide at low temperatures in deferance to thermal chemical-vapor deposition.' PECVD of SiOs is commonly performed in low-pressure radio-frequency (rf) or microwave discharges sustained in mixtures of SiH,J02 and SiHfl,O. "' In traditional PECVD using rf plasmas, the substrate is located in the plasma, typically on one of the electrodes. As a result, the substrate is subject to energetic particle bombardment which may damage the wafer. Also, since all of the feedstock gases are flowed through the plasma, one has little control over the reaction pathways.
To address these problems, remote plasma-activated chemical-vapor deposition (RPACVD) was deve1oped.s In RPACVD the substrate is located downstream of the plasma zone (see Fig. 1 ) . Nonreactive gases (or a subset of the deposition gases) are flowed through the plasma zone. Excited states and radicals flow into a downstream chamber where the (remaining) deposition gases are injected. Excitation transfer and chemical reactions between the activated gases and the injected gases then produce the deposition precursors. By placing the substrate outside the plasma zone, this method reduces the potential to damage the wafer. Since the deposition gases are not flowed through the plasma zone, a greater degree of control over production of radicals is also possible. RPACVD has successfully been used to fabricate thin films of a-Si:H, pc-Si, c-Si, SiOz, Si,N4, and III-V compounds. ' flowed through the plasma zone and SiH4 is injected downstream. Reactions between the activated gases and the SiH4 produce the deposition precursors. Gas pressures are typically 100-300 mTorr at flow rates of 1OWO seem, resulting in residence times in the reactor of tens to hundreds ms. A schematic of a typical RPACVD reactor is shown in Fig. 1 . The plasma is sustained in a narrow tube upstream, usually by a rf discharge ( 13.56 MHz). Excited states and ions of helium are rapidly quenched in the plasma zone by reactions with 0, or NzO producing 0 atoms, or are quenched on the walls. 0 atoms and excited states of 0, are also produced by electron impact. The activated species which flow downstream and are mixed with SiH4 are therefore primarily excited states and fragments of O2 and NsO. The gas mixtures typically consist of l%-20% O2 in He, with < lY0 SiH4 injected downstream. This produces deposition rates for Si02 of many to 100 A s-i. For a given power deposition, the deposition rate using He/O, is usually greater than using He/N,O.
In spite of the increasing use of RPACVD of Si02 in fabricating microelectronics devices,' the deposition precursors and reaction pathways are still being debated, thereby making optimization of the system by other than empirical methods difficult. To investigate the reaction pathways and to identify deposition precursors, a model has been developed for the RPACVD of SiO, using He/02/SiH4 and He/NzO/SiH,, chemistries. The model accounts for the plasma and neutral chemistry of HeiOZor He/N20-activated systems where SiH, is injected downstream. This investigation makes use of a previously described model for the RPACVD of a-Si:H and S&N4 using He/NHs/SiH4 chemistries.21 In this article our interest is in the use of RPACVD to
The mechanics of the model are described in Sec. II, fabricate SiO, films. In these processes, developed by Lucovsky et al. , lG2' followed by a discussion of the important chemical reacmixtures of He/O2 or He/N@ are tions and possible deposition precursors in Sec. III. Results from the model are discussed in Sec. IV, followed by concluding remarks in Sec. V.
II. DESCRIPTION OF THE MODEL
The model used in this study is functionally the same as that described in Ref. 21 , and therefore will be only briefly described here. The model is a two-dimensional (cylindrically symmetric) simulation of the electron kinetics and plasma chemistry in a RPACVD reactor. A schematic of the model reactor is shown in Fig. 1 . A subset of the gases is passed through the narrow portion of the reactor and flow into larger deposition chamber downstream. Other deposition gases are injected downstream through circular nozzles. In the cases considered here, mixtures of He/OS or He/N,0 are Ilowed through the plasma zone, while SiHh is injected from the nozzles. The plasma is sustained in the narrow upper portion of the reactor by a rf discharge. This arrangement corresponds to the "plasma confined" mode of RPACVD.9
Electron-impact rate coefficients for the plasma chemistry model are obtained from a companion Monte Carlo simulation for the gas mixture of interest, and parameterized as a function of the average electric field in the plasma. Tables of electron-impact rate coefficients are then interpolated during the simulation based on a specified power deposition. The advective flow field is separately computed and used for all species. Continuity equations including advection, diffusion, and gas-phase chemistry are formulated for all species, couched in finite difference form, and integrated in time using a third-order Runga-Kutta scheme. Due to the vastly different kinetic time scales for reactions in the plasma zone compared to downstream locations; and for kinetic reactions compared to convection, a time slicing technique is used. The local kinetics portions of the continuity equations are separately integrated for each spatial location for a dynamically selected At using (smaller) time steps as appropriate for each mesh point. This integration is then followed by a single reactor-wide integration of the convection portion of the continuity equations. Surface reactions are included as boundary conditions to the transport equations. Reactive sticking coefficients and products are specified for all species. Products of wall reactions are included as fluxes entering the plasma from the wall or substrate.
Ill. DESCRIPTION OF THE REACTION CHEMISTRY
In this section the reaction chemistry of He/Oz/SiH4 and He/NsO/SiH, plasma-activated gas mixtures is discussed. The species included in the model are listed in Table I The electron kinetics reaction scheme for He/SiH4 mixtures discussed in Refs. 21 and 22 was also used here. Minor revisions to that reaction scheme were made with recently available reaction rate coefficients for ionmolecule reactions from Reents and Mandich.49 The electron-impact processes in NsO discharges were recently reviewed by Kline et al.27 and the reactions we used in this work are listed in Table II . The cross sections we used for N20 were taken from Hayashi and Niwawi,26 with branchings for dissociative processes coming from Kline et aL27 Electron-impact dissociation of NZO separately produces O ( '0) and N,(A) with branchings of 0.1 each. Since both 0 ( 'D) and N,(A) are subsequently reactive with SiH, these branchings take on added importance. The electron-impact ionization of NsO produces NsO+ with a branching of 0.92 with a minor branching to NO+. The vibrational excitation of NzO may be an important process in the formation of deposition precursors, and is discussed in more detail below.
The electron-impact processes for O2 are discussed in Ref. 23, and those cross sections were used. The important branchings are for dissociative excitation producing 0 ( 'D) and O(3P). Following the work of Eliasson and Kogelschatz,24 we assigned the dissociative electronic excitations with thresholds at 8.4 eV to have branchings to 0( 'D) +0( 3P), and those with thresholds at 6 eV to have branchings to 2 * 0 (3P).
B. Neutral reaction chemistry
The reaction scheme for He/SiH4/NH3 mixtures discussed in Ref. 21 has been used here, as appropriate, with changes noted below. The reaction chemistry of SiH4/02/N,0 in low-pressure plasmas in the context of SiOs deposition is surprisingly uncertain in light of the considerable work that has been completed on silane combustion. The source of much of this uncertainty is the identity of the deposition precursors which, to our knowledge, have not been directly measured. To produce stoichiometric SiOZ films, the gas mixtures are typically lean in SiJ&. In RPACVD, SiH4 is typically not flowed directly through the plasma zone. The end result is that the majority of electron-impact processes in the plasma zone produce radicals such as 0 atoms which oxidize SiH4, as opposed to fragmenting SiH, directly. Given these conditions, our discussion on reaction mechanisms will emphasize the oxidation pathways.
In thermal CVD there is evidence that silanols such as SiHsOH are the deposition precursors. Experiments and modeling by Guinta, Chapple-Sokol, and Gordon" of thermal CVD of SiO, using SiHJNzO and Si,HdN,O mixtures revealed a close correlation between deposition profiles and predicted SiHsOH fluxes. A likely reaction sequence for thermal CVD is
O+Si&+OH+SiHs, (2) SiH,+NZ0+SiH30+N2,
SiH30 + SiI&-t SiHs0H-t SiHJ ,
SiH,-+SiH2+H2,
SiH2+N20-SiH20+N2.
Guinta and co-workers acknowledge that silanol (SiH,OH) is a few oxidation steps away from Si02: how-ever, it satisfies many of the requirements for a deposition precursor in terms of rate of production and reactivity. Silanone (SiH,O) is also suggested as a precursor on the basis that it will stick to the growth surface where it will be further oxidized. This mechanism requires, then, an abundant flux of 0 and OH radicals to the surface to complete the oxidation. In conventional PECVD using SiHf120 mixtures, Smiths1 has found that silanol molecules such as Si(OH)4 make only minor contributions to the film compared to other precursors such as SiO,, SiH,, 0, or OH. Pai et all9 proposed that SiH,O, SiH,O and silanol complexes such as (SiH,O) 2 are likely deposition precursors. Later, using appearance potential mass spectrometry and He/O2 activation, they did not detect significant densities of SiH, fragments of SiH4 in the downstream chamber. A measured decrease in the density of SiH$ was attributed to consumption by film formation." One may conclude that there is not significant fragmentation of SiH, to SiH, by chemical reactions, lo or that any fragments that are produced rapidly react to form other species.
Although gas-phase HSiO and SiO are products of the high-pressure combustion of SiH,, their generation requires at least 3-4 sequential reactions with SiH4 and its products. The short lifetimes of intermediates in lowtemperature plasmas result in a low rate of production of these higher-order precursors, and so it is unlikely that the 
Rare-gas excitation and charge transfer He*+N2 + N$+He+e He*+NaO(v>O) --) NzO++He+e He*+02 -+ Ozf+He+e He++4 -O++O+He He+ + O2 -OtfHe
. 7.50(-11) 6.45( -10) 2.54( -10) 1.07(-9) 3.30(-11) 3.00( -10) 9.60( -10) 6.40( -10) 7.00(-10) i.oo(-10) 3.10(-10) 3.20(-10) 2.00( -10) 2.00(-10) 2.00(-10)
5.70(-11) 43 2.70(-12) 37 5.00 ( -12) 43,k 5.00 ( -12) 43,k l.cHl(-10) 37 6.60(-11) 37 3.30(--11) 37 6.60( -32) cm6 s-l 37 6.60 (-11 chain will progress to SiO. In high-temperature systems where pyrolysis of Si& produces SiHz, or in plasma systems where electron impact produces SiHz, reactions with O2 or N,O can generate HSiO and SiO directly, thereby reducing the number of steps in the oxidation chain.
In RPACVD using He/O.&W& mixtures, electronimpact dissociation and excitation of O2 produce 0( 3P), O('D), Oz ('A>, and Oz(u>. Reactions of 0 atoms with SiH4 proceed by a series of H abstraction or elimination reactions, O+SiH4+SiH3+OH,
O+SiHH3-+SiH,0+H,
OH+SiH3-tSiH20+Hz,
O+SiH20+HSiO+OH,
O+HSiO+SiO+OH,
SiO+02-*SiOz+0.
The initiating step has an activation energy of 1.6 kcal/mol for the reactant O(3P), but proceeds at a gas kinetic rate with 0( 'I)). OH+Siq-+SiH3+Hz0,
H+SiH4-,SiH3+Hz.
SiH,O is not produced in this chain; however, it is likely that SiHsO is rapidly produced by reactions of SiH3 with Oz. 
SiH30+OH+SiH20+H20.
We estimated these rate coefficients to be lo-l2 cm3 s-l and lo-" cm3 s-i, respectively. The production of SiH, by electron impact or other processes considerably speeds the production of these precursors as silylene rapidly reacts with O2 .34 Tokuashi et al. quote a single branching to HSiO for reactions of SiH2 with 02. The branching to SiHzO is exothermic by 26.5 kcal/ mol and so we chose equal branchings to HSiO and SiH,O using the reaction rate coefficient quoted by Chu and' co-workers. 46 Tsu et al. lo and Lucovsky, Tsu, and Markunass3 have cited evidence that deposition rates of SiOZ are not well correlated with 0 atom densities as inferred from optical emission spectroscopy of the plasma region using He/O2 gas mixtures. Tsu and co-workers observed that emission of the 777.4 nm line of atomic 0 decreases with increasing O2 partial pressure while, at high substrate temperature (400 "C), the deposition rate increases with increasing 0, partial pressure. l1 When O2 is added to a He/O2 discharge, the electron energy distribution assumes an increasingly cutoff character. Under these conditions, dissociative excitation of O2 most likely proceeds through the 02(A 3Zz) state, which produces 2.0( 3P), and through the Oz(B 3XC,) state which produces O(3P) and O ('O) .24 Lucovsky's observations could be explained by 0 atoms being produced and reacting dominantly in their ground states or low excited states; or other dark channels being important.
Large densities of the "dark species" O,('A) and Oz(u) are produced in the plasma zone of RPACVD reactors. It has been suggested that reaction of 02 ( 'A) and SiH, on surfaces produce precursors which condense to form the SiOZ lilm.52 This suggestion motivates examination of whether 02( 'A) reacts with SiH4 in the gas phase as well. For example, the reaction SiH4+02 is exothermic by 40 kcal/mol. There are no measurements of the rate coefficient of this reaction that we are aware of. We have parametrized the rate coefficient to a maximum value of 5X lo-l2 cm3 S-I , and the results are discussed below. The importance of reactions of 02(v) with SiH4 is somewhat in question. It is possible that successive u-u reactions of 02(v) to SiH4 could result in pyrolysis of SiH, ,
NH is, itself, unreactive with SiH4.
however, 11 vibrational quanta would need to be transferred from Oz(u) to SiH, for this to occur. That rate of excitation transfer is unlikely at low pressures. There is considerable evidence that a surface catalyzed reaction may be important in RPACVD. For example, experiments have been performed where deposition was observed on a substrate which was separated from the plasma by stainless-steel wool plugs. The plugs would presumably pass only very long-lived species such as 02( ' A). Lucovsky suggests that 02( 'A) and excited silane may be the deposition precursors through a surface catalyzed reaction-l2 Since all observed electronic states of SiH, are dissociative, SiHz can only be vibrationally excited silane. Due to the rapid rate of V-T reactions with Oz which are characteristic of polyatomic molecules,22 it is difficult to build up large densities of SiH,(u) in highly excited levels. Therefore, the SiH4( u) arriving at the substrate can contain only a few quanta of vibrational energy. Since the quenching probability for SiH4(u) is nearly unity at the surface, it is unlikely that the energy of SiH,(u) and O,( 'A) can be added. Therefore, at low substrate temperatures where the rate of pyrolysis of SiH, is small, all the energy for producing the precursors must come from gas-phase O,('A) reacting with silane adsorbed on the surface, denoted SiH4(a). Since, however, the internal energy of 02( 'A) is only 0.98 eV, which is below the appearance potential for fragments of SiH4, a surface reaction which is analogous to the gas-phase reaction in Eq. ( 18) This mechanism would require that the gas-phase reaction in Eq. (18) have a small rate coefficient to ensure that 02(' A) is not otherwise depleted in the gas phase prior to reaching the substrate. Although O,(u) probably does not directly fragment SiH,, it is certainly reasonable to expect that reactions of SiH3 and SiH, with O2 are enhanced if the latter reactant is vibrationally excited.
SiHJN20 oxidation differs from SiH4/02 primarily in the manner of producing the oxidizing agents. Electronimpact dissociation of N,O produces 0, N,, N,(A), and O(' D) . Since most fragments of Si& are unreactive with N2, 46 silane oxidation in SiH@,O mixtures proceeds in nearly the same fashion as in SiHd02. The exception is that N,(A) is quenched by silane in a dissociative excitation transfer. Piper and Caledonia43 suggest that the products are either SiH3 or SiH2, and we have assigned equal branchings to each.
Small amounts of N(40> are produced by dissociative excitation of N2 and by dissociative recombination of NO+ and N,f . Unlike N(4S), which is unreactive with SiH,, the excited state will abstract H at approximately half the gas kinetic rate,43
10-l' cm3 s-l. (22) The reactions of SIH, and SiH, with N,O are potentially important processes in low-temperature SiH&$O systems. The electron-impact dissociation of N20 in the discharge dominantly produces NZ+O. The 0 atoms then abstract 0 from SiH, producing SiHs +OH. In the SiHdOZ system, SiH, can then react with the feedstock O2 to form SiH,O+ 0, and thereby sustain the chain. This chain sustaining reaction may, in part, explain the larger deposition rate that can be produced in SiHdO, systems. In low-temperature SiHflZO systems there is no analogous reaction of SiHs with NZO. Kinetics measurements by Slagle and co-workers" could not detect any reaction between SiH3 and NZO at room temperature, which is an unexpected result considering the reaction SiH, +N,O -, SiH30 f NZ~ is exothermic by 88 kcal/mol. Guinta and co-workers5' estimated that the reaction has a rate coefficient of 1.5X 10-l' exp( -18.0 kcal mol-'/RT) cm3 s-l, which produces a negligible rate coefficient at near room temperature, in agreement with Slagle's results. It is difficult, however, to account for observed deposition rates of SiO,, particularly in remote systems, without having a reaction of SiH, with the feedstock gases.
The electron-impact rate coefficients for vibrational excitation of N,O are large. When using estimated rate coefficients for u-T relaxation of lo-i2 cmw3, we predict that a large density of N70( v) flows downstream from the plasma zone. Although the first three vibrational modes of N20 have energies of only 1.6-3.5 kcal/mol, which is small compared to the thermal activation energy estimated by Guinta and co-workers, 5o the ability of vibrationally excited species to speed reactions is well known. As a test reaction, we have estimated that SiH3+N20(v) -SiHi0+N2 proceeds with a rate coefficient of 2X 10-l' cm3 s-l.
The reaction of SiH2+N20-SiH20* + NZ has a rate coefficient measured by Becerra et aZ.47 of 1.9 x lo-l2 cm3 s-l, and is exothermic by 107 kcal/mol. Becerra eC al, suggest that the SiH20* quickly decays, with one possible set of products being SiO+H,. We have chosen this branching. 
IV. PRECURSOR FLUXES IN RPACVD OF SiOz
The test system is based on the RPACVD reactor of Lucovsky and co-workers,53 schematically shown in Fig. 1 . The plasma zone is 5 cm in diameter while the downstream deposition chamber is 20 cm in diameter and 20 cm long. He/O, or He/N20 mixtures are flowed through the plasma zone and SiH, is injected through nozzles of adjustable height (2-10 cm) above the substrate (8 cm diameter). The standard conditions are a gas pressure of 300 mTorr and a total 0ow rate of 210 seem. The average residence time is ~50 ms. Power deposition is 0.3 W cmB3 in the plasma zone, Our base case uses a gas mixture of He/O,/SiH,=95/5/0.1.
The peak electron density in the plasma zone is 2 1.9 X 10" crnm3 (see Fig. 2 ). The dominant ion for this case is 0; (maximum density 1.2 X 10" cme3), which is produced primarily by electron impact and secondarily by Penning ionization by He*. Of and He+ are produced in approximately the same density (3.5-4x 10" cmm3), with the former primarily being produced by charge exchange from He+ to OZ. In this work we have assumed that the production of the plasma can be well confined to the narrow upstream zone. (Operation with an unconfined plasma will be addressed in a subsequent publication.) As a result, production of SiH4 ions can only occur by electron impact of SiH, which back diffuses into the plasma zone or charge exchange (and Penning processes) downstream. Since He* and He+ are rapidly quenched in the plasma zone by reactions with 02, there are few ionizing excitation transfer reactions to SiH4 from He* and He' downstream. Although 0" and 0; do charge exchange with SiH,, their densities are fairly well depleted before encountering the injected SiH, downstream. The end result is that the production of SiHz ions is small, and is basically restricted to that resulting from back diffusion of SiH4 into the plasma zone. For example, the density of electrons and ions are shown in Fig. 2 for the base case conditions. SiH$ is produced in the plasma zone due to back diffusion of Si&, and downstream by charge transfer from O+ and 0; , but in very small numbers.
Operating in a confined plasma mode is more likely when moderate pressure (300 mTorr) He/O2 mixtures are passed through the plasma zone, compared to passing lowpressure (< 100 mTorr) He through the plasma zone and injecting O2 downstream. This results from the fact that molecular ion plasmas generally decay more rapidly than rare-gas plasmas. The rate coefficient for dissociative recombination of O,+ is ) 10e7 cmB3, resulting in a recombination time of hundreds of ys to 1 ms, which is small compared to the gas residence time (tens to hundreds of ms); therefore, the plasma fails to penetrate far downstream. Volumetric recombination of the rare-gas ions at low pressure is slow and Penning reactions by rare-gas met&able continue to produce ions downstream. This results in a reasonable penetration of the plasma downstream.
The 0 atom and SiH, densities are shown in Fig. 3 (a) for the base case.54 0 atoms are produced primarily by electron-impact dissociation of 02. Due to the nonMaxwellian "cutoff' electron energy distribution, the amount of power that is dissipated in exciting and ionizing He is comparatively small, resulting in a small contribution of dissociative excitation transfer reactions from He+ to the production of 0 atoms. The O2 is z lo%-15% disso- (c) HSiO and S&O. He/O, is tlowed through the plasma zone while Ss is injected downstream from the circular nozzles. The SiHs is formed by H abstraction by 0 from SiH4. The SiHsO is formed primarily by reaction of SiHs with 0s. The number in brackets by the species label is the maximum density (cmm3). The contour labels are the percent of the maximum value, where l(9) denotes 1 x log. ciated in the plasma. 0 atoms recombine with < 1% probability on Pyrex surfaces at near room temperature,55 and so the majority of the 0 atoms generated in plasma (maximum density 9.5 X lOI3 cme3) either flow downstream or back diffuse out of the plasma zone. The downstream 0 atom density [virtually all O(3P)] is 1-3X 1013 cms3. O (' D) is produced by dissociative excitation of 02, but is rapidly quenched by excitation transfer forming O, ('A) and does not penetrate far downstream as shown in Fig.  4(a) . SiH4 is injected from the nozzles, advects downstream, and back diffuses upstream. The moderate flow rate and narrow plasma zone prevents significant leakage of the SiH4 into the plasma, which would compromise the selectivity of the RPAC!VD process. The reaction between 0 and SiHH4 is a moderately fast H abstraction process [Eq. (7)], ,producing SiH3 whose density is shown in Fig. 3 (b) . The density of SiH, in the vicinity of the substrate is =: 10" cmw3. The spatial pattern of SiHs indicates that its production is rate limited by transport of SiH, and that its reaction with O2 is sufficiently fast that it is consumed near the site of its generation. A small amount of leakage of SiH, into the plasma zone is indicated by the extended tail of SiH3 in the throat of the plasma zone. SiH3 at this location is produced by reactions with 0 atoms and electron-impact dissociation of Sib.
In our reaction scheme, SiH, reactions with 0, produce SiHzO and SiH30 with equal branchings. SiH,O can also be produced by H abstraction of 0 from SiH30. The densities of SiH20 and SiHsO are shown in Figs. 3 (b) and 3 (c). Our estimated reactive sticking coefficients on the cold reactor walls are 0.1 and 0.01 for SiHzO and SiH30, respectively. These differences, and the somewhat higher reactivity of SiHzO with 0, explain the higher density of SiHsO in the vicinity of the substrate (=6x 10" cme3) compared to SiH,O (3 x 10" cmm3>.
The production of HSiO is dominated by H abstraction by 0 from SiH,O and reactions of SiH, with Or. Its density, though, is only =2X lo9 cmw3 in the vicinity of the substrate. This is partly a result of a low rate of production, and partly a result of its higher sticking coefficient (estimated to be 0.1). The gas-phase densities of SiO and SiO, are < lo9 cmm3.
The products of H abstraction by 0 and OH from SiH,O, are OH and H,O, respectively, and these densities are shown in Fig. 4 (b) . OH is itself reactive with SiH, and will abstract H to form SiH3. OH then represents a link in a short chain in producing SiH, and subsequently SiH,O. Hz0 is unreactive, and so accumulates in the chamber. The densities of both species are ~5-6~ 10" cmw3 in the vicinity of the substrate. This situation might cause concern since hydrogen can be incorporated into the film by reactions of ambient water with the surface,14 =Si-0-Si-+ HzO+ =Si-OH + =Si=OH.
Moderate substrate temperatures are therefore required to either prevent such intake or to eliminate =Si-O-H bonding brought to the surface by precursors. For example, films grown at 200 "C showed no significant =Si-O-H bonding while those at 100 "C did show ==Si-O-H bonding. 14r55 One advantage of RPACVD compared to conventional PECVD is that a larger proportion of Hz0 produced by these reactions can be directly pumped out of the chamber before striking the substrate, thereby reducing H incorporation. It has been observed that the H content of Si02 films (in the form of =Si-OH bonding) increases with increasing deposition rate. The source of the hydrogen has been directly correlated with the injected silane by isotopic labeling experiments. 53 These observations can be explained by either H brought to the surface by precursor species or water intake since the model shows that the source of hydrogen in both cases can be attributed to the injected silane, and not necessarily impurities.
The deposition rate of Si02 for these conditions is lO-100 timin. This requires a flux of Si bearing precursors of 2 (20-200X10'2)/r,cm s -I where r, is the reactive sticking coefficient. This implies a precursor density in the vicinity of the substrate of ~2 x 109/rs cm-". Since SiH3, SiH30, SiH20, and HSiO all satisfy this requirement-for reasonably large r, ( > 0.01 ), and there is an abundant flux of 0 atoms, the results presented thus far are inconclusive as to the identity of the deposition precursor.
System studies have been performed by Lucovsky56 for the deposition rate of Si02 as a function of SiH, flow rate, power deposition, and nozzle position. Parameterization of the model while varying these quantities may lend some insight to possible gas-phase precursors. We first parameterized the position of the nozzle. A subset of the results are in Fig. 5 where the densities of SiH, and SiH20 are shown. As the nozzle is retracted from the substrate toward the plasma zone, the production of SiH3 moderately increases as shown in Fig. 5 (a) . This results from the silane being injected into a region having a higher 0 atom density [see Fig. 3 (a) ]. Since the gas mixture is lean in SiH,, the 0 atom flux is not significantly affected by the location of the nozzle. In spite of the increase in SiH3 production, the flux of SiH3 to the substrate decreases as the nozzles are retracted. This trend is a consequence of the SiH, having a greater opportunity to react away prior Fig. 3 . Although the maximum density of these species increases as the nozzle is retracted from the plasma zone, a smaller fraction survives to strike the substrate. (The labeling scheme is the same as for Pig. 3.) to reaching the substrate (primarily reacting with O2 and sticking to the walls) when the nozzles are far from the wafer. A larger proportion of SiH3 is also pumped away before striking the wafer when it is initially produced far from the substrate. The densities of SiH,O show similar trends to SiH3 when the nozzle is retracted from the plasma, as shown in Fig. 5 (b) . The production of SiH,O increases when the SiH4 is injected into a region of higher 0 atom density (where the SiH, also has a large density), however less of the SiH,O survives to reach the substrate. The fluxes to the substrate for various deposition precursors as a function of nozzle position are shown in Fig. 6 . The experimental observation is that the deposition rate is a maximum for a nozzle position ~2 cm above the substrate; with a linear decrease in deposition rate as the nozzle moves away from the substrate.56 Two classes of radicals are shown: radicals whose fluxes decrease as the nozzle approaches the substrate [ Fig. 6(a) ] and radicals whose fluxes are nearly constant or increase as the nozzle approaches the substrate [ Fig. 6(b) ]. The fluxes of the higher-order precursors (HSiO, SiO, and Si02) decrease when moving the nozzle toward the substrate. This behavior is a consequence of SiH4 being injected into a region of higher 0 atom density at distant nozzle positions. Production of precursors requiring multiple reactions with 0 atoms are thereby enhanced. The dependence of the fluxes to the substrate as a function of nozzle position for these species is the opposite of that experimentally observed for deposition rate. These results imply that is unlikely that HSiO, SiO, and Si02 are direct gas-phase deposition precursors. More likely gas-phase deposition precursors are shown in Fig. 6 (b) . Only the fluxes of SiH3 and SiH, directly scale in the same manner as the experimental deposition rate. pend on the reactor averaged total production of 0, the partial pressure of SiH4, and the flow patterns in the reactor.
Radical and molecular fluxes to the substrate are shown in Fig. 7 as a function of power deposition in the plasma zone. The production of 0 atoms, and their flux to the substrate, scale almost linearly with power deposition. The flux of SiH, to the substrate decreases with increasing power deposition as it is depleted by reaction with the larger density of 0 atoms. The production of SiHs and SiHzO is somewhat less than linear with power as a result of this depletion. Species whose production requires many oxidation and elimination steps, such as HSiO, SiOZ and SiO, rise exponentially with power deposition. The experimental observations are that the film deposition rate increases sharply at low power deposition and then becomes nearly constant.56 SilTsO, whose flux begins to saturate with increasing power, mimics the experimental observations of deposition rate. The exponential increase in the fluxes of higher-order products (HSiO, SiO, SiO,) do not correlate well with the experimental observations for deposition rate. The fluxes of 0 and O, ('A) to the substrate increase with power deposition while the flux of SiH, decreases so that their product is nearly constant. This trend is similar to experiments, and supports the proposal that deposition results from surface catalyzed processes. Since, however, the 0 atom flux is not rate limiting, the deposition rate should scale with the SiH, flux, which by decreasing does not correlate well with the experiments. The fluxes to the substrate of various deposition precursors as a function of SiH4 flow rate are shown in Fig. 8 . The experimental observation is that deposition rate increases nearly linearly with SiH, flow rate over this range.56 The fluxes of SiH4, SiHzO, and SiH30 increase almost linearly with flow rate, whereas those for SiHs, HSiO, SiO, and H increase somewhat greater than linearly with flow rate. The fluxes of 0 atoms and O, ( 'A) to the substrate are either constant or decrease slightly with increasing flow rate. The almost linear dependence of the fluxes of SiH,O and SiH30 to the substrate correlate well with the experimental observations of deposition rates. The dependence of the fluxes of Si bearing molecules to the substrate as a' function of flow rate are inconclusive with respect to the identity of the deposition precursor since they scale similarly. Although the fact that the 0 and 02 ( 'A) fluxes to the substrate decrease, or do not increase, with increasing silane flow rate, does not necessarily discount the surface catalyzed process since it is most likely rate limited by the availability of the silicon bearing precursors.
The radial distributions of precursor fluxes to the substrate are shown in Fig. 9 for our base case conditions. The edge-to-center uniformity of the low sticking coefficient precursors is 80%-90%. Their uniformity is dominantly determined by the flow pattern of the feedstock gases. Flow through the annular pumping port surrounding the substrate is the largest loss for low sticking coefficient species. Therefore, in spite of having low sticking coefficients, the "sink" of species beyond the edge of the wafer causes a center-to-edge gradient. An exception to this radial distribution pattern is the flux of O, ( 'A) which, for these results, is deactivated with unity probability on the substrate. This represents a sink for the 02( 'A) which reduces the flux of O2 ( 'A) at inner radii in a similar manner as radicals consumed in etching processes produce a "bull's-eye" etch- ing pattern. A key diagnostic for determining whether deposition precursors include electronically excited species having high quenching coefficients on the surface is the center-to-edge uniformity of the deposition. The gas-phase contribution of O, ('A) to producing deposition precursors by reaction with SiH, [Eq. (18) ] was investigated by parameterizing its rate coefficient between 0 and 5X lo-l2 cm3 s-l. An example of the results are shown in Fig. 10 , where the fluxes to the substrate for SiH20, SiH,O, and O, ('A) are shown with and without the reaction in Eq. ( 18). The production of SiHsO is more than doubled by the test reaction of O,( 'A) with SiH,. The production of SiH20 increases by ~~20% due to the reaction of 0 atoms with the larger density of SiHsO. The flux of Oz ( 'A) to the substrate decreases by ~25% as a result of the additional gas:phase reaction. Unless the rate coefficient for reaction of O,('A) with S& approaches gas kinetic, an unlikely scenario, production of precursors by this process is not particularly important.
The use of He/N20/SiH4 gas mixtures generally produces Chns which have less =Si-OH bonding and, for otherwise identical conditions, have lower deposition rates by approximately a factor of 2.53 The products of electronimpact dissociation of NzO are primarily 0 (3P) and N2 with minor amounts of N,(A) and O ( 'D) . The fluxes of NZ(A ) and 0 ( ' D) which survive to reach the substrate are low, since both species are rapidly quenched by reactions with N,O and SiH,. The quenching of N2 (A) on NZO is dissociative, and produces additional 0 atoms. O*('A) is not directly produced by electron impact of feedstock gases in the He/N,O/SiH, system. The oxygen atoms that are produced can, however, recombine to produce 02. The oxygen can, in turn, be excited to O,('A) by electron impact or by excitation transfer from 0( 'D). In confined plasma configurations, sufficiently energetic electrons to excite the oxygen are only found in the upstream plasma zone, and so the production of O, ('A) by this sequence of events is low. These conditions reduce the likelihood that a surface catalyzed reaction between SiH4 and O,('A> is a direct deposition precursor using He&O/SiH, chemistry.
The densities of 0, SiH,, HSiO, and SiH20 are shown in Fig. 11 when passing a He/N20 mixture through the plasma zone and injecting SiH4 downstream. For these results, we have not included the reaction between SiH, and NzO( v) [IQ. (23) ]. The conditions are otherwise the same as for the He/OJSiH, chemistry. The fluxes of precursor species to the substrate for the He/N,0/SiH4 [with and without the reaction in Eq. (23)] and He/02/SiH4 chemistries are shown in Fig. 12 . The spatial distributions of these precursor species using the He/N,0/SiH4 chemistry are similar to those obtained using the He/Oz/SiH4 chemistry. The most striking differences are in the magnitude of the densities. The production of 0 atoms from N,O (for the same power deposition and flow rate) is smaller by 3 45, resulting in a proportionally smaller flux of 0 atoms to the substrate. The lower production of 0 atoms results from a larger proportion power being dissipated by vibrational excitation of NzO and a lower rate of direct electronimpact dissociation compared to 0,.
As a consequence of the lower 0 atom density, the rate of H abstraction from silane by 0 atoms is smaller, resulting in a lower generation of SiHs. However, SiH3 is unre- active with N20 at the temperatures of interest. This results in SiHs not being rapidly depleted by reactions with the feedstock gases, as it is with the He/O/SiH, chemistry. Therefore, SiHs ultimately has a larger flux to the substrate using the He/N20/SiH4 chemistry. The fact that SiHs is not reactive with N20 results in the only direct entrance channel to production of silanols being oxidation of SiH, by 0 atoms, which produces SiH,O. A secondorder entrance channel is reaction of SiHs with O2 which has formed by recombination of 0 atoms. The production of SiO is smaller by approximately 102, and that of Si02 by 10' using the He/N,O/SiH, chemistry. The former is a FIG. 13 . Densities of N and NO for the conditions of Fig. 11 . These species are largely unreactive with SiH, . (The labeling scheme is the same as in Fig. 3.) consequence of the lower densities of 0 and HSiO. The latter is a consequence of a low rate of reaction between SiH and O2 using the He/N20/SiH4 chemistry.
A unique feature of the He/N20/SiH4 compared to the He/O,/SiH, chemistry is the production of nitrogen species. For example, the densities of N and NO are shown in Fig. 13 . The N atom density is N 1Ol2 crne3 in the plasma zone, generated in large part by dissociative ionization of N,O producing NO+ +N and N+ +NO. (N+ recombination on walls then produces N atoms). These processes, as well as N abstraction from N20 by O( 'D), generate densities of NO exceeding lOI3 cme3. The N atoms are largely consumed by reaction with the NO, producing N,+O. Once NO exits the plasma zone, however, it is relatively unreactive with most species except SiH. This reaction is a moderately important source of SiO and NH.
All of the nitrogen species in their ground electronic states are unreactive with silane. N,(A), which is reactive with SiH4, is produced in large quantities, but is also rapidly quenched by collisions with N,O and does not penetrate far downstream. A similar sequence of events occurs for N(40>; a species that is reactive with SiH, but does not penetrate far downstream. An important distinction between our test conditions and low-pressure RPACVD (tens of mTorr as opposed to hundreds of mTorr), uncon- Fig. 3.) fined RPACVD plasmas, and direct PECVD is the mixing of these excited states of nitrogen with SiH4. In the latter cases, production of NH species will be significantly higher.
Since SiH, is not reactive with ground-state N,O, an important reaction channel is closed for production of silanol precursors. As a test, we included reaction of SiH, with vibrationally excited N, O [Eq. (23) ] as an entrance channel which produces SiH30 (see discussion in Sec. III). The densities of SiH3, N20( v) and SiHsO (with and without the test reaction) are shown in Fig. 14 . The electronimpact cross sections for vibrational excitation of N20 (u) are large, resulting in > 10% of N20 being so excited. With the test reaction, the density of SiH3 is depleted by ~50%. The production of SiH,O increases by approximately a factor of 20; and so the test reaction is an important source of this precursor.
The fluxes of various deposition precursors to the substrate using He/0,/SiH4 and He/N20/SiH4 [with and without the test reaction of SiH3 + N20 ( v)] chemistries are shown in Fig. 12 The experimental observation is that the deposition rate of SiO, using the He/N20/SiH4 chemistry is >2 times smaller than for the He/Oz/SiH4 chemistry for otherwise similar conditionss3 Due to the small density of 0, produced with the He/N20/SiH4 chemistry, the flux of O, ( 'A) to the substrate (produced by electron impact of 0, in the plasma zone) is ~-500 times smaller than with the O2 chemistry. The fiux of SiH4 to the substrate is nearly the same in all cases. If the deposition occurs by a surface catalyzed reaction of O, ('A) and SiH4, the rate of deposition may well be rate limited by availability of O,('A) c with the N20 chemistry. The flux of SiH3 to the substrate is lowest using the O2 chemistry, since SiH3 is reactive with 02, and largest for the N20 chemistry when excluding reactions of SiH3 with N,O (u) . There is a small reduction in the SiH3 flux when including this reaction.
Since SiH3 is unreactive with N,O, the production of SiH30 and SiH,O occur on only a radical-radical basis using the He/N20/SiH4 chemistry. The production of these species and their fluxes to the substrate are greatly reduced compared to the He/O,/SiH, chemistry, as shown in Fig. 12 . When including reaction of SKI-I3 with NsO( u), a portion of the SiH30 production is recouped, but the flux of this precursor is still small compared to the He/O,/SiH, chemistry.
These comparisons of precursor fluxes between the He/02/SiH4 and He/NzO/SiH4. chemistries show large differences in the fluxes of SiH,O, SiH30, and O, ( 'A) , while the fluxes of SiH, and 0 are comparable. These results suggest that SiH, and 0 are likely deposition precursors, and that =Si-0 bonds are formed on the surface as opposed to being produced in the gas phase.
V. CONCLUDING REMARKS
The production and fluxes of gas-phase deposition precursors during RPACVD of Si02 using He/O,/SiH, and He/N20/SiH4 chemistries have been investigated using a two-dimensional plasma chemistry model. Production of gas-phase precursors which have Si-0 bonding (e.g., SiH30, SiH20, HSiO, SiO, and SiO,) have been compared to production of O,('A) which may be a reactant in a surface catalyzed process producing deposition. With He/O,/SiH, chemistries, the fluxes of SiH30, SiH,O, and SiH3 to the substrate are sufficiently large to account for the observed deposition rates. However, systematic dependencies of the fluxes for HSiO and SiO, as well as their absolute magnitudes, discount these species as being precursors. The flux of 02 ( 'A) to the substrate, in conjunction with SiH4 (or SiH,) is generally high enough to account for deposition by a surface catalyzed reaction. However, the flux of O,('A) when using He/N20/SiH4 is 100-500 times smaller than when using He/Oz/SiH4 chemistries while the deposition rates are comparable. This tends to discount 02( ' A) as being a dominant deposition precursor in both systems. Systematic dependencies of these fluxes suggest that SiH, (in the presence of a non-rate-limiting flux of 0 atoms) with contributions from SiH,O and SiHsO are likely gas-phase deposition precursors.
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